The Drosophila nucleosome remodeling factor (NURF) is a protein complex consisting of four polypeptides that facilitates the perturbation of chromatin structure in vitro in an ATP-dependent manner. The 140-kD NURF subunit, imitation switch (ISWI), is related to the SWI2/SNF2 ATPase. Another subunit, NURF-55, is a 55-kD WD repeat protein homologous to the human retinoblastoma-associated protein RbAp48. Here, we report the cloning and characterization of the smallest (38 kD) component of NURF. NURF-38 is strikingly homologous to known inorganic pyrophosphatases. Both recombinant NURF-38 alone and the purified NURF complex are shown to have inorganic pyrophosphatase activity. Inhibition of the pyrophosphatase activity of NURF with sodium fluoride has no significant effect on chromatin remodeling, indicating that these two activities may be biochemically uncoupled. Our results suggest that NURF-38 may serve a structural or regulatory role in the complex. Alternatively, because accumulation of unhydrolyzed pyrophosphate during nucleotide incorporation inhibits polymerization, NURF may also have been adapted to deliver pyrophosphatase to chromatin to assist in replication or transcription by efficient removal of the inhibitory metabolite.
There is now abundant evidence for a role of chromatin structure in the regulation of transcription, and indications that the organization of chromatin can also influence other chromosome activities such as recombination, replication, and DNA repair. It has been known that the wrapping of DNA on the surface of nucleosomes, the fundamental units of chromatin structure, has repressive effects on the transcriptional process (for review, see Grunstein 1990; Felsenfeld 1992; OwenHughes and Workman 1994; Paranjape et al. 1994; Kornberg and Lorch 1995; Pruss et al. 1995; van Holde et al. 1995; Fletcher and Hansen 1996; Koshland and Strunnikov 1996; Hartzog and Winston 1997; Ramakrishnan 1997) . It is only recently, however, that advances have been made in identifying the underlying mechanisms by which nucleosomes are altered to permit the initiation of transcription. Such mechanisms include the intrinsic resistance of certain DNAs to curvature, post-translational modification of nucleosomal histone proteins, and ATP-dependent remodeling of nucleosome structure (for review, see Becker 1994; Felsenfeld 1996; Kingston et al. 1996; Wu 1997) .
Recent work has led the discovery of several activities that apparently use the hydrolysis of ATP in the remodeling of chromatin templates. The yeast SWI/SNF complex facilitates the binding of GAL4 derivatives to nucleosomal DNA (Owen-Hughes et al. 1996) and possesses the ability to cause a local perturbation of chromatin structure in an ATP-dependent manner (for review, see Henikoff 1993; Carlson and Laurent 1994; Peterson and Tamkun 1995; Peterson 1996) . The SWI2/ SNF2 gene itself was identified in genetic screens as a positive regulator of a small class of yeast genes, and encodes a protein homologous to DNA-stimulated ATPases/DNA helicases (Laurent et al. 1993; Cairns et al. 1994; Cô té et al. 1994) . SWI2/SNF2 homologs exist in both flies (brahma) and humans (BRG1, HBRM) and these are also present in large multisubunit protein complexes (Tamkun et al. 1992; Khavari et al. 1993; Muchardt and Yaniv 1993; Elfring et al. 1994; Dingwall et al. 1995; . RSC (remodeling the structure of chromatin) is another yeast protein complex related to and with similar properties as SWI/SNF (Cairns et al. 1996) . These complexes are different, however, in that RSC is necessary for cell viability and appears to be more abundant than SWI/SNF.
Biochemical studies in our laboratory have identified an ATP-dependent chromatin remodeling complex pres-ent in Drosophila embryo extracts, designated the nucleosome remodeling factor (NURF), which facilitates a local, transcription factor-mediated perturbation of chromatin structure within a nucleosomal array (Tsukiyama et al. 1994; . NURF is composed of four subunits with molecular masses of 215, 140, 55, and 38 kD assembled in a native complex of ∼500 kD . The 140-kD subunit has been identified as imitation switch (ISWI), a member of the SWI2/SNF2 family that is characterized by its highly conserved ATPase domain . The hydrolysis of ATP during the remodeling of chromatin is likely to be mediated by ISWI. Unlike the SWI/SNF complex, the ATPase activity of NURF is stimulated by the presence of nucleosomes rather than by free DNA , suggesting that NURF recognizes both the protein and DNA components of the nucleosome. The interaction between NURF and nucleosomes appears to involve the flexible histone tails that protrude from the surface of the nucleosome (Georgel et al. 1997) . ISWI has been shown recently to be present in at least two other protein complexes from Drosophila that affect chromatin structure in a related but distinct manner-ACF (ATP-utilizing chromatin assembly and remodeling factor; Ito et al. 1997) and CHRAC (chromatin accessibility complex; Varga-Weisz et al. 1995 . The presence of ISWI as a common subunit indicates that this ATPase may serve as the energy-transducing component of chromatin-remodeling machines.
The 55-kD subunit of NURF was found to be identical to the 55-kD subunit of dCAF-1, a complex that facilitates the assembly of chromatin in vitro (Tyler et al. 1996; Martínez-Balbá s et al. 1998) . A human counterpart of NURF-55, RbAp48, was originally identified as a retinoblastoma binding protein in vitro (Qian et al. 1993) , and is present in several distinct complexes that affect histone metabolism-the human CAF-1 complex (Verrault et al. 1996) and mammalian histone deacetylase complexes (Taunton et al. 1996; Hassig et al. 1997; Zhang et al. 1997 ). RbAp46 (a smaller variant of RbAp48), was demonstrated to be a subunit of the human Hat1 histone acetyltransferase (HAT) complex, and was shown to enhance the ability of the Hat1 complex to bind its histone substrates, thereby increasing its activity (Verreault et al. 1998) . The counterparts of NURF-55 in yeast, Hat2p and MSI1p, are members of a HAT complex (Parthun et al. 1996) and the yeast CAF-1 complex (Kaufman et al. 1997) , respectively. Overall, the results suggest that this conserved subfamily of WD repeat proteins may assist targeting of protein complexes to chromatin.
To investigate further how the NURF complex facilitates the perturbation of chromatin structure, we set out to identify the remaining components of the complex. We report here the identification and characterization of the smallest NURF subunit, NURF-38. Our studies reveal that the NURF-38 protein is an inorganic pyrophosphatase (PPase), an enzyme essential for driving critical biosynthetic reactions including transcription, replication, and DNA repair. Although this activity appears to be dispensable for the remodeling of plasmid chromatin in vitro, the retention of PPase activity in the NURF complex suggests that NURF may have a broader function in the cell nucleus than was indicated previously.
Results
The NURF-38 gene encodes a putative inorganic PPase NURF 38 is the smallest component among the four major polypeptides that copurify at or near stoichiometric levels with nucleosome remodeling activity . We obtained peptide sequences for the NURF-38 protein by in-gel endopeptidase digestion and Edman degradation sequencing as described previously Martínez-Balbá s et al. 1998 ). The sequences of three peptides were used to design primers for a PCR-based screen of a 0-to 12-hr Drosophila melanogaster embryonic cDNA library. Two primer pairs generated a 235-bp and a 711-bp fragment, respectively; sequencing of the cloned fragments revealed that the smaller fragment was contained within the larger.
Using the 711-bp fragment as a probe, we obtained two independent genomic clones and four independent cDNA clones. One of the cDNA clones was presumed to contain the entire open reading frame (ORF) based on the presence of a stop codon in the 5Ј-transcribed, untranslated region and a poly(A) stretch at the 3Ј terminus. Figure 1A shows the organization of the NURF-38 gene as deduced from the genomic and cDNA sequences. We determined that NURF-38 is a single-copy gene that resides in subdivision 60 C on the right arm of chromosome 2 (data not shown).
All peptides for which we obtained amino acid sequence data were contained within the predicted protein sequence (containing 290 residues with a calculated molecular weight of 32.7 kD), including those not used in primer design (Fig. 1B) . A BLAST search (Altschul et al. 1990 ) of existing databases revealed that NURF-38 had extensive amino acid sequence identity with inorganic PPases (Fig. 1B) . Overall, this identity can be as high as 53.9%; when the central portion of the PPase sequence is examined, the identity increases to ∼70% for yeast, Drosophila, nematode, and mammalian proteins. Most striking is the absolute conservation of the 14 amino acid residues determined by crystallographic studies to be in the active site of the Saccharomyces cerevisiae enzyme (Cooperman et al. 1992 and references therein). These include an invariant arginine (arginine-78 in S. cerevisiae, arginine-81 in D. melanogaster) also shown by chemical modification to be necessary for catalysis (Bond et al. 1980) .
NURF-38 is a subunit of the NURF complex
To evaluate whether NURF-38 is an integral subunit of the NURF complex, we assayed for the presence of NURF-38 protein in the peak fractions of NURF activity from each step of the purification protocol. As revealed by Western blotting using antibodies raised against bacterially expressed NURF-38 protein, approximately equivalent amounts of NURF-38 can be found in each peak fraction ( Fig. 2A) . We also performed co-immunoprecipitation experiments to demonstrate independently physical interactions among the NURF polypeptides. Affinity-purified antibodies against two NURF subunits identified previously, ISWI and NURF-55, were capable of immunoprecipitating NURF-38 from a crude NURFcontaining fraction, whereas a mock precipitation using purified chicken IgG failed to show immunoprecipitation (Fig. 2B) . Conversely, affinity-purified antibodies against NURF-38 were able to immunoprecipitate both NURF-55 and ISWI. Similar results were obtained in experiments performed with unfractionated embryo extracts (data not shown).
Importantly, immunodepletion of NURF-38 protein from the crude NURF-containing fraction also led to depletion of the in vitro chromatin remodeling activity of NURF. As shown in Figure 3A , consecutive passages of the NURF-containing fraction over protein-A beads coupled to anti-NURF-38 antibodies successively removed NURF-38, ISWI, and NURF-55 subunits from the extract. By the third passage, no NURF-38 was detectable in the supernatant. The remaining ISWI and NURF-55 are likely to be attributable either to the presence of either free protein or to protein associated in complexes other than NURF (i.e., ACF, CHRAC, HAT, and histone deacetylase complex (HDAC); Varga-Weisz et al. 1995 Taunton et al. 1996; Ito et al. 1997; Hassig et al. 1997; Zhang et al. 1997; Verrault et al. 1998) . Analysis of supernatants after the third and fourth passages with anti-NURF-38 beads revealed greatly reduced nucleosome remodeling activity when compared with the robust activity of mock IgG-depleted samples (Fig. 3B , promoter probe), as shown by the reduction of the amount of submononucleosomal fragments generated by chromatin remodeling. Therefore, the physical removal of NURF-38 results in a concurrent loss of chromatin remodeling activity. 
The predicted primary sequence of NURF-38 is shown aligned with eukaryotic inorganic pyrophosphatases. Uppercase letters designate conserved blocks; amino acids identical to those in the Drosophila protein are shaded. Invariant residues, known by crystallographic studies to be in the active site of the S. cerevisiae enzyme, are marked by asterisks. Arginine 81 is also marked with an arrow (see text). Amino acid sequences obtained by endopeptidase digestion of the protein and Edman degradation of purified peptides are highlighted in black.
To demonstrate further interactions among these subunits, we performed an immunodepletion experiment with a more purified NURF-containing fraction. In this case, NURF purified to the penultimate step (P-11 fraction, material that is free of other ISWI-or p55-containing protein complexes; was subjected to a single pass over beads coupled to either anti-NURF-38 or to control IgGs. Figure 3C shows that NURF-38, NURF-55, and ISWI can be removed effectively from the sample by incubation with bead-coupled anti-NURF-38 antibodies. Conversely, the control antibodies failed to deplete these proteins from the fraction. The NURF-depleted supernatant also showed a substantial loss of nucleosome-stimulated ATPase when compared with the material incubated with a control antibody (Fig. 3D ).
In addition, biochemical experiments designed to assess the relative strength of the interactions among the NURF subunits showed that NURF-55 remained substantially bound to NURF-38, even after incubation with up to 4 M urea (data not shown), suggesting that these proteins are tightly associated. Together, these data provide further support that NURF-38 is an integral component of the complex.
The NURF-38 protein has inorganic PPase activity
PPases are highly conserved enzymes that hydrolyze inorganic pyrophosphate to inorganic phosphate. These enzymes are required for a broad spectrum of biosynthetic pathways, including oligosaccharide and fatty acid synthesis, tRNA charging/amino acid activation, and polynucleotide synthesis (Kornberg 1962 ). In the cell nucleus, pyrophosphate is generated as a metabolite of replication, transcription, and DNA repair. During nucleic acid polymerization, the incorporation of a nucleoside in the growing chain with the concomitant liberation of pyrophosphate is a readily reversible reaction. The hydrolysis of pyrophosphate by PPase eliminates metabolite inhibition, therefore shifting the reaction equilibrium in favor of polymerization (Kornberg 1962) .
To determine whether NURF-38 possessed PPase activity, we expressed the polypeptide as a soluble polyhistidine fusion protein and purified it to >95% homogeneity by nickel-NTA affinity chromatography under nondenaturing conditions. As measured by a colorimetric assay specific for inorganic phosphate (Shatton et al. 1983) , the recombinant NURF-38 protein was capable of catalyzing the hydrolysis of inorganic pyrophosphate to monophosphate. Conversely, a mock purification performed with bacteria transformed with the empty vector showed no detectable PPase activity. Importantly, we found that substitution of arginine-81 with alanine (arginine 81 corresponds to arginine 78, a residue essential for catalysis by the S. cerevisiae enzyme) led to a drastic reduction of PPase activity ( Fig. 4A ) without causing a detectable change in protein stability or solubility. We therefore conclude that NURF-38 is a PPase.
Purified NURF possesses inorganic PPase activity
We next investigated whether the native NURF complex also had inorganic PPase activity. As shown in Figure 4B , NURF highly purified by a seven-step procedure and visibly free of contaminating proteins was also found to have relatively strong PPase activity. Interestingly, we found that the PPase activity of purified NURF (specific activity ∼1.13 × 10 −4 mole Pi/ mg protein/min) is of the same order of magnitude as the activity of a commercially available yeast enzyme. By comparison, the specific PPase activity of bacterially expressed NURF-38 is significantly lower; we suspect this low activity may be a consequence of the bacterial expression. The high PPase activity of the native NURF complex was neither inhibited nor enhanced by the presence of reconstituted nucleosomes in the reaction (Fig.  4B ). In addition, immunodepletion of NURF from a Antibody specificity was demonstrated by the ability of recombinant NURF-38 to block antibody activity. (B) NURF-38 coimmunoprecipitates with NURF-55 and ISWI. 50 µl of a crude NURF-containing fraction (material that had passed through the first step in the purification protocol, a tandem Bio-Rex 70/DEAE cellulose column) were incubated with protein ASepharose CL-4B beads coupled to rabbit anti-NURF-38, rabbit anti-NURF-55, rabbit anti-ISWI, or rabbit anti-chicken IgG control antibodies. Immunoprecipitates and supernatants (10 µl equivalents) were analyzed by SDS-PAGE and Western blotting. Bead-bound material is shown. Antibodies used for each precipitation are indicated above the blots. For Western blotting, ISWI was detected with antibodies raised in rabbit, therefore the background bands present on the blot. The most prominent of these corresponds to the immunoglobulin heavy chain and is denoted IgG HC . NURF-38 and NURF-55 were detected together with antibodies raised in rat and so no background bands are evident.
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Cold Spring Harbor Laboratory Press on October 25, 2017 -Published by genesdev.cshlp.org Downloaded from crude NURF-containing fraction with anti-NURF-38 antibodies (see Fig. 3A ) resulted in quantitative depletion of total PPase activity (Fig. 4C) . Taken together, our results indicate that NURF-38 in the native NURF complex retains a highly active PPase activity.
The PPase and chromatin remodeling activities of NURF can be biochemically uncoupled
The presence of both the ISWI ATPase and the NURF-38 PPase components in the NURF complex raised the in- PPase activity of purified NURF in the presence and absence of nucleosomes. Approximately 0.3 ng of NURF, purified to the glycerol gradient step and free of extraneous proteins as judged by silver staining, was used in these experiments. Activity is given as in A. The assay was conducted in 50 µl, and the concentration of nucleosomes was >10 ng/µl (see Materials and Methods). (C) Depletion of PPase activity from a crude NURF-containing fraction. The same extract and conditions used in Fig. 3, A and B, were employed. GAGA transcription factor-mediated nucleosome disruption of reconstituted hsp70 plasmid chromatin, using partially purified embryo extract and the supernatants from the depletions in A. Southern blot showing nucleosome disruption as assayed by micrococcal nuclease digestion (3-and 15-min digestion points were taken for each chromatin sample). The blot was hybridized with radiolabeled oligonucleotides corresponding to either the hsp70 promoter (−113 to −142) or downstream sequences (+1803 to +1832) as described (Tsukiyama et al. 1994) . teresting question of whether ATP hydrolysis by ISWI occurred at the ␣-␤ or the ␤-␥ phosphodiester bond, releasing inorganic pyrophosphate or phosphate, respectively. To address this issue, we analyzed the products of ATP hydrolysis on stimulation of the ATPase activity of purified NURF by nucleosomes (Fig. 5) . These results indicate that the hydrolysis of ATP by ISWI occurs at the ␤-␥ position, thereby liberating inorganic phosphate and not pyrophosphate.
To assess further whether the PPase activity of NURF was required for the perturbation of chromatin structure in vitro, we employed sodium fluoride, an inhibitor of PPase activity (Baykov et al. 1976) . At concentrations of up to 20 mM, sodium fluoride effectively reduced PPase activity in the chromatin remodeling reaction by 90%-95% (Fig. 6A) . The inclusion of these levels of inhibitor had no substantial effect on the ability of NURF to facilitate GAGA factor-dependent nucleosome remodeling at the hsp70 promoter (Fig. 6B ). This result suggests that nucleosome remodeling may be uncoupled from the bulk of the PPase activity of NURF. Although the few percent residual activity in the presence of fluoride cannot be excluded from having a role in the remodeling reaction, we believe this to be unlikely as the amount of NURF was not in excess. Ten percent of the input NURF in the standard remodeling reaction failed to generate detectable remodeling of chromatin (Fig. 6C ).
Distribution and subcellular localization of NURF-38
Soluble eukaryotic PPases have been shown to exist as homodimers in solution (for review, see Cooperman et al. 1992) . To assess the native state of NURF-38, we analyzed its distribution in a crude Drosophila embryo extract by gel filtration and Western blotting. As shown in Figure 7A , most of the NURF-38 protein migrated in later fractions with an apparent molecular weight of ∼40,000 as compared with globular protein standards, consistent with a monomer or compact dimer. A small percentage of NURF-38, however, was clearly visible in the 600,000 molecular weight range, consistent with its inclusion in the NURF complex. These results indicate that there are at least two distinct populations of NURF-38 in Drosophila embryo extracts.
Whereas one form of PPase appears to be associated with the mitochondrial membrane and another has been found in cytoplasmic fractions of cell extracts (Lundin et al. 1991) , the nuclear localization of these enzymes has not, to our knowledge, been investigated. As shown by indirect immunofluorescence and confocal microscopy ( Fig. 7B) , NURF-38 PPase can be found in both the cytoplasm and the nucleus. This is consistent with its expected requirement for efficient removal of high levels of pyrophosphate that are generated during replication and transcription in the nuclear compartment (Cooperman et al. 1992 ).
Discussion
The Drosophila NURF consists of four distinct polypeptides of which two, ISWI and Drosophila RbAp48/CAF1p50, have been identified previously and are components of several macromolecular complexes involved in nucleosome dynamics or histone metabolism. In this report, we have identified and characterized the smallest, 38-kD subunit of NURF, and have provided immunological evidence that NURF-38 is an integral subunit of the complex. Sequence analysis of NURF-38 and cloning of the corresponding cDNA revealed substantial and extensive sequence identity with inorganic PPases. Accordingly, both recombinant NURF-38 protein and the purified NURF complex were found to possess inorganic PPase activity.
Inhibition of the PPase activity of NURF by sodium fluoride, which does not substantially affect nucleosome remodeling, shows that this new enzymatic activity of NURF may be uncoupled from chromatin remodeling in vitro. Moreover, the ATPase activity of NURF, essential for its nucleosome remodeling activity, results in the liberation of inorganic phosphate (not pyrophosphate) as for all studied ATPases. Taken together, these results suggest that the PPase activity of the NURF complex has no significant connection with chromatin remodeling per se. In this context, it is interesting that another ISWIcontaining chromatin-remodeling complex, Drosophila CHRAC, has an associated topoisomerase II component whose known activity is also uninvolved in the remodeling function (Varga-Weisz et al. 1997) .
How then might NURF-38 function as part of the NURF complex? The integral association of NURF-38 as part of a larger NURF complex with general affinity to chromatin (Mizuguchi et al. 1997 , Martínez-Balbá s et al. 1998 ) may provide a vehicle to deliver PPase activity into the proximity of the DNA replication and transcription machinery generating the pyrophosphate metabolite. Because the incorporation of nucleotides into a growing nucleic acid chain (and the concomitant liberation of pyrophosphate) is a readily reversible reaction, the hydrolysis of the inorganic pyrophosphate to free phosphate drives the reaction in favor of incorporation (Kornberg 1962) . Therefore, the inclusion of NURF-38/PPase in the NURF complex should facilitate DNA and RNA synthesis in chromatin by preventing metabolite inhibition. In this respect, it is of interest that the mitochondrial PPase catalytic subunit is associated with other, as-yet-unidentified components that anchor the PPase in the mitochondrial membrane (Lundin et al. 1991 (Lundin et al. , 1992 ).
An alternative possibility not mutually exclusive from the above is that the NURF-38 protein may be employed as a structural or regulatory component of the complex. It will be possible to test this directly when reconstitution of the NURF complex becomes feasible. A third possibility is that chromatin remodeling is sensitive to the level of pyrophosphate metabolite that is generated in the cell nucleus, and requires PPase to relieve inhibition of the remodeling reaction. This possibility appears unlikely, however, as we have been unable to observe sensitivity of the chromatin remodeling reaction to inorganic pyrophosphate at levels up to 30 mM where the action of NURF PPase was insufficient to reduce the high IPP concentration significantly.
Recently, mutations in Drosophila NURF-140/ISWI have been found to have a late larval-lethal phenotype with effects on transcription that are consistent with a role for nucleosome remodeling in vivo (J. Tamkun, pers. comm.) . The presence of ISWI in three distinct remodeling complexes (NURF, ACF, and CHRAC), however, precludes a simple interpretation for the precise function of ISWI in the NURF complex. Likewise, the genetics of NURF-55 is complicated by the inclusion of the encoded protein in multiple and distinct enzymes involved in histone metabolism. Drosophila NURF-38 mutants have not yet been generated. Such mutants are expected to have pleiotropic effects, probably with a lethal phenotype, given the fundamental role of PPase in so many key biosynthetic pathways. Mutants of the cytoplasmic PPase in S. cerevisiae are lethal, and deletions of the gene encoding the mitochondrial protein result in the inability of mitochondria to replicate their genomes during cell division (Lundin et al. 1991 ). It will be of interest to identify mutations in Drosophila NURF-38 that affect its association with the NURF complex without impairment of the PPase activity. The isolation or design of such mutations and the analysis of mutant phenotypes in transgenic flies or mosaics lacking endogenous NURF-38 poses a special challenge for the analysis of the function of the NURF complex in vivo.
Materials and methods

Cloning of the NURF-38 gene
Peptide data for NURF-38 was obtained by in-gel endopeptidase digestion of NURF-38, HPLC purification of resultant peptides, and Edman degradation sequencing as described previously for NURF-55 (Martínez-Balbá s et al. 1998). Three peptides were chosen as templates for primer construction and PCR-based screening of an embryonic cDNA library and primers were synthesized in both orientations using the Drosophila codon bias. For peptide 155, the sequence TIYNMVV was used and primers ACCATCTACAACATGGTGGTG (155-1a, sense orientation) and CACCACCATGTTGTAGATGGT (155-1b, antisense orientation) were constructed; for peptide 168, the sequence EAP-DGGQVEE was used and primers GAGGCCCCCGACGGCG-GCCAGGTGGAGGAG (168-1a) and CTCCTCCACCTGGCC-GCCGTCGGGGGCCTC (168-1c) were synthesized; and for peptide 159, sequence DNDPID was used and primers GA-CAACGACCCCATCGAC (159-1a) and GTCGATGGGGTC-GTTGTC (159-1b) were made.
The PCR reactions were prepared in 100-µl batches in all possible pair-wise combinations (excluding those primer pairs in which the primers were complements of each other) using 0.5 units Taq DNA polymerase (Promega), and containing 2.5 mM MgCl 2 , 100 pmoles of each primer, 0.5 mM dNTPs, and ∼500 ng of library DNA (Novagen). Aliquots (10 µl) were then used in ten reactions run in parallel in a gradient-heat block thermocycler using the following program: 94°C for 2 min, 1 cycle; 94°C for 30 sec, 44°C-66°C (∼2°C increments) 1 min, 72°C 1 min, 30 cycles; 72°C 1 min, 1 cycle. A fragment of 235 bp was generated with primers 155-1a/159-1b, and a 711-bp fragment with 155-1a/168-1b. These fragments were TA-cloned into pT7BlueT (Novagen) as per the manufacturer's protocol. The clones were then sequenced in their entirety. The larger clone, after translation, revealed the presence of sequences corresponding to peptides 159, 164, and 138. We concluded that the clones were encoded by the NURF-38 gene and the larger clone was used as per the manufacturer's instructions to directly probe the library to obtain full-length clones. Four independent positives were cloned, one of which contained the full-length cDNA, including the 5Ј-transcribed untranslated region (with an in-frame stop codon) and a complete poly(A) tail.
Preparation of recombinant NURF-38
The full-length cDNA (clone pEXloxNURF-38 4.1) was cut with EcoRI and XhoI and cloned into the same sites of the inducible pET28b vector (Novagen). This resulted in a gene encoding a recombinant protein containing an amino-terminal His 6 tag but lacking the 12 amino-terminal residues of the wild-type NURF-38. The protein was expressed by transforming Escherichia coli BL21 cells and growing a 500-ml culture at 37°C to an OD 600 of 0.6 in Luria broth (LB) supplemented with 50 µg/ml kanamycin, at which time the culture was induced with 0.5 mM isopropyl-␤-D-thiogalactoside (IPTG) for 1 hr. The cells were collected by spinning at 7000 rpm in a Beckman JA-10 rotor for 5 min at 4°C, washed once in ice-cold PBS, and collected again by spinning at 15,000 rpm in a Beckman JA-20 rotor for 15 min at 4°C. The cells were disrupted by sonication in ice-cold HEGN-0.3 [25 mM HEPES-KOH at pH 7.6, 1 mM EDTA, 10% (vol/vol) glycerol, 0.02% (vol/vol) NP-40, 0.3 M KCl, 1 mM DTT, 1 mM 4-(2-aminoethyl) benzenesulfonyl fluoride/hydrochloride (AEBSF)], and the soluble fusion protein collected by spinning the lysate at 15,000 rpm in a Beckman JA-20 rotor for 10 min at 4°C to pellet the debris. The clarified supernatant was then added to a 1-ml bed volume of nickel-NTA agarose beads (Qiagen) in the presence of 25 mM imidazole (Sigma), and incubated at 4°C for 1 hr with gentle rotation. The protein-coupled beads were then washed three times each with 10 ml of HEGN-0.3 containing 25 mM imidazole for 30 min at 4°C, and the protein eluted with 1 ml of HEGN-0.3 containing 100 mM imidazole for 30 min at 4°C. The resulting protein was found to be >95% pure as judged by SDS-PAGE and Coomassie staining. Concentrations were estimated against a BSA standard (Bio-Rad) loaded on the same gel. Mock purifications were prepared the same way except empty pET28b vector was used. Faint background bands present in both preparations were used to standardize them to each other and equal volumes were used in all experiments using a mock control. Protein preparations were aliquoted, frozen in liquid nitrogen, and stored at −80°C.
Preparation of anti-NURF-38 polyclonal immune sera
Antibodies were raised in both rabbits and rats by Berkeley Antibody Company (Richmond, CA) according to that company's recommendations, using the recombinant His 6 -NURF-38 protein described above as antigen. The first inoculation was performed with protein purified by SDS-PAGE and used denatured, directly from the acrylamide gel. All subsequent inoculations were performed with soluble protein stored in elution buffer (see above).
Affinity purification of anti-NURF-38, anti-NURF-55, and anti-ISWI
Affinity-purified antibodies raised in rabbits against NURF-55 and ISWI were prepared from whole immune sera essentially as described (Martínez-Balbá s et al. 1998) using His 6 -tagged antigens coupled to nickel-NTA agarose beads (Qiagen); however, instead of PBS, the antibodies were dialyzed against antibody storage buffer (20 mM Tris-HCl at pH 7.4, 28 mM NaCl), and stored in same supplemented with 1 mg/ml of BSA. Antibodies against NURF-38 were prepared in the same fashion, using the His 6 -fusion protein described above. The bed volume was 1 ml (containing ∼2 mg/ml antigen), and 2 ml of serum was used per preparation.
For some experiments, controls containing depleted antibody (i.e., affinity-purified antibody pre-adsorbed to a His 6 -NURF-38 antigen column) were employed to demonstrate the specificity of the antibody. These were prepared as follows: 200 µl of affinity purified anti-NURF-38 (∼0.2 mg/ml) was incubated with 100 µl bed volume of antigen resin (see above) containing ∼2 mg/ml recombinant NURF or with an equal volume of a mock preparation control at 4°C for 1 hr. The beads were then pelleted and the supernatant collected.
SDS-PAGE and Western blotting
Proteins were analyzed by SDS-PAGE using 10% acrylamide separating gels and Western blotting using nitrocellulose mem-branes (0.22-µm pore size, Schleicher & Schuell) and chemiluminescent detection methodology (ECL, Amersham). Primary antibodies raised in rat against NURF-38 and NURF-55 were used at 1:1000 dilution (sera), whereas rabbit anti-ISWI antibodies were used at 1:250 (serum) or 1:500 (affinity purified). HRPconjugated secondary antibodies raised in donkey (Amersham) were used at 1:10,000 dilution (anti-rat IgG) or 1:20,000 (antirabbit IgG).
Gel filtration chromatography
Drosophila embryo S-150 extract was prepared as described previously (Becker and Wu 1992) . Extract (50 µl) was loaded onto a Superose-12 column (Pharmacia) and analyzed using the SMART system (Pharmacia). The elution was performed with modified embryo extraction buffer [10 mM HEPES-KOH at pH 7.6, 10 mM KCl, 1.5 mM MgCl 2 , 0.5 mM EGTA, 5% (vol/vol) glycerol, 1 mM DTT, 1 mM AEBSF] and 20-µl fractions were collected. Odd-numbered fractions were loaded in their entirety on a 10% SDS-polyacrylamide gel and analyzed by Western blot as described above.
Indirect immunofluorescence
Drosophila Schneider line 2 cells were cultured in 1-ml slide flasks (Nunc). Cells were fixed in 4% formaldehyde in PBS for 20 min at room temperature, followed by treatment with methanol for 10 min. After blocking with 3% (vol/vol) BSA in PBS, 0.1% Tween-20 for 30 min, the slides were incubated with 0.5 ml of a 1:100 dilution of either affinity-purified rabbit anti-NURF-38 or a 1:100 dilution of antigen-blocked antibody preparation (see above) in blocking buffer and incubated for 2 hr at room temperature. After washing twice for 10 min at room temperature with PBS, 0.05% (vol/vol) Tween-20, each sample was incubated with 0.5 ml of a 1:250 dilution in blocking buffer of fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG (Cappel) for 1 hr at room temperature. The cells were washed twice as above and treated with 0.5 ml of 0.4 mg/ml RNase A (Boehringer Mannheim) in PBS for 1 hr at 37°C, washed twice as above, and stained with 50 µg/ml propidium iodide (Sigma) for 30 min at room temperature. The samples were analyzed on a Zeiss Axiovert confocal microscope using a 63× objective with oil immersion as per the manufacturer' instructions. Polytene squashes were performed as described previously (Martínez-Balbá s et al. 1998), using a 1:100 dilution of affinity-purified anti-NURF-38 as the primary antibody. FITCconjugated donkey anti-rabbit secondary antibody (Cappel) was used at 1:200 dilution.
NURF purification
NURF purification was prepared as described . Partially purified NURF used in immunoprecipitation and immunodepletion studies was material used after the first step in the purification of the crude embryo extract, with the sole modification being the reversal of order of the tandem DEAE cellulose and Bio-Rex 70 columns.
Database searches and sequence analyses
The National Center for Biotechnology Information web site (www.ncbi.nlm.nih.gov) was used to perform searches of databases employing the BLAST program (Altschul et al. 1990 ). All eukaryotic inorganic PPase were examined and their scores reviewed, indicating a positive identification for NURF-38 as an inorganic pyrophosphatase. For alignment of these proteins, we employed the Macaw sequence analysis software package (version 2.0.5, Win 32I, NCBI) and alignments were made allowing gaps. More refined alignments and calculations of percent identity along the entire length of the protein were performed with the Align program at the GeneStream Homepage (http:// dot.imgen.bcm.tmc.edu).
Inorganic PPase assays
Assays were performed as described by Shatton et al. (1983) , except that the reaction buffer used was embryo extraction buffer (see above). All blank and standard samples included the appropriate buffer (see above) as a control for protein samples. For samples including antibodies, protein was pre-incubated with antibody on ice for 1 hr before analysis. For the experiments involving nucleosomes, the assay was performed in 50 µl total volume, keeping the nucleosome concentration >10 ng/µl to ensure their stability. After the assay was performed, the sample volume was increased to 0.5 ml volume with color reagent/buffer mix and the OD 660 measured. Experiments with purified NURF were performed in the presence of 1 µg/ml BSA as carrier.
Immunoprecipitation assays and immunodepletions
A slurry of protein A-Sepharose CL-4B (Pharmacia) (40 µl) was incubated for 1 hr at 4°C with 25 µg of affinity-purified anti-NURF-38, anti-NURF-55, or anti-ISWI antibodies (see above) or 25 µg of purified rabbit anti-chicken IgG (Jackson Immunochemicals) in interaction buffer [IB: 50 mM Tris-HCl at pH 7.5, 120 mM KCl, 0.1% (vol/vol) NP-40, 0.1 mM EDTA, 3 mM MgCl 2 , 1 mM AEBSF]. The beads were then pelleted, washed three times in IB at 4°C with rotation, and incubated with 40 µl of a partially purified embryo extract (DEAE flow-through, see above) for 1 hr at 4°C with rotation. The beads were then pelleted, washed three times in IB as above, and boiled in 40 µl of SDS-PAGE sample buffer. An SDS-PAGE sample buffer (40 µl, 2×) was added to the supernatant samples that were then boiled. Equivalents (20 µl) were loaded on a 10% SDS-polyacrylamide gel and analyzed by Western blot as described above.
Immunodepletions of native NURF from crude fractions were performed as follows: 200 µg of affinity-purified anti-NURF-38 antibody or control rabbit anti-chicken IgG was coupled to 100-µl bed volume of protein A-Sepharose beads, as above. The beads were then aliquoted into four separate tubes in equal amounts. Partially purified extract (50 µl) was added to the beads in the first tube and incubated for 1 hr at 4°C with gentle rotation. The resulting supernatant (10 µl) was set aside for Western analysis, and the remaining 40 µl were added to the second tube and processed as above. Two more incubations were performed similarly, four incubations were performed in total. Supernatant (2.5 µl) was used in chromatin disruption assays (see below). For immunodepletions using more purified NURF, 10 µl of a NURF-containing P-11 fraction (in HEGN-0.3) was diluted 1:2 in HEGN containing no KCl to bring the concentration of KCl to 150 mM. Insulin was added to 0.2 mg/ml and AEBSF to 1 mM. The immunoprecipitations were performed as above, with 20-µl bed volume of antibody-coupled beads and 20 µl of diluted NURF. Resulting supernatant (1 µl) was then assayed for ATPase activity, described below, and 10-µl equivalents were used for Western blot analysis.
